The Caucasus, inhabited by modern humans since the Early Upper Paleolithic and known for its linguistic diversity, is considered to be important for understanding human dispersals and genetic diversity in Eurasia. We report a synthesis of autosomal, Y chromosome, and mitochondrial DNA (mtDNA) variation in populations from all major subregions and linguistic phyla of the area. Autosomal genome variation in the Caucasus reveals significant genetic uniformity among its ethnically and linguistically diverse populations and is consistent with predominantly Near/Middle Eastern origin of the Caucasians, with minor external impacts. In contrast to autosomal and mtDNA variation, signals of regional Y chromosome founder effects distinguish the eastern from western North Caucasians. Genetic discontinuity between the North Caucasus and the East European Plain contrasts with continuity through Anatolia and the Balkans, suggesting major routes of ancient gene flows and admixture.
Introduction
The earliest evidence of the dispersal of the genus Homo outside Africa comes from the Caucasus, a mountainous region between the Black and Caspian Seas, linking the Near/Middle East and the East European Plain (Lieberman 2007; Lordkipanidze et al. 2007 ). Anatomically modern humans appeared there at least 42,000 years ago (Adler et al. 2008) . The early Upper Paleolithic (UP) sites in the Caucasus (Bar-Yosef et al. 2006; Pinhasi et al. 2008 ) and the adjacent East European Plain (Krause et al. 2010 ) are nearly contemporary, whereas the lower Danube Basin UP temporal estimates (Mellars 2006) predate the northern Pontocaspian UP by several thousands of years. This makes the two paths-across the Caucasus and via Anatolia and the Balkans-equally plausible for the pioneer phase of peopling of East Europe. Likewise, people from both the Caucasus and the East European Last Glacial Maximum (LGM) refugia (Adams and Faure 1997; Tarasov et al. 2000) may have been the source population for the repopulation of East Europe after the LGM, whereas the route across the Caucasus may have been used by early farmers to reach the northern areas. A second set of intriguing issues is related to the linguistic diversity of the Caucasus. Although the Abkhazian-Adyghe (Northwest [NW] Caucasian), NakhDagestanian (Northeast [NE] Caucasian), and Kartvelian (South Caucasian) language families are indigenous for the area, several additional languages of the Indo-European and Turkic families have been brought to the Caucasus by people migratingfromelsewhere,presumablymuchlater,andarespoken there at present (Comrie 2008) (fig. 1A ). But the role of the Caucasus in human dispersals in Eurasia has remained obscure, and the extent to which the unique cultural and linguistic diversity of the Caucasus is reflected in the genetic diversity of the extant populations in the region has been studied only from the uniparental perspective (Nasidze et al. 2003; Nasidze et al. 2004; Roostalu et al. 2007; Underhill et al. 2010; Balanovsky et al. 2011; Myres et al. 2011) . Accordingly, here, we address several so far unsolved problems: Does the present-day genetic structuring of Eurasian populations offer an insight to the peopling of the Caucasus and to later MBE prehistoric and historic migrations to and from the Caucasus? How and to what extent is the present-day remarkable linguistic diversity of the region reflectedin itsautosomaland genderspecific genetic variation?
Materials and Methods
DNA samples from all the subregions and major language groups of the Caucasus ( fig. 1A) were analyzed using whole genome, Y chromosome, and mitochondrial DNA (mtDNA) markers. DNA samples were obtained from unrelated male volunteers after getting informed consent in accordance with the guidelines of the ethical committees of the institutions involved. DNA was purified from blood by the phenol/chloroform extraction method. DNA concentrations were determined by spectrometry (NanoDrop products, Wilmington, DE).
Autosomal Analyses
Two hundred and four samples from this study were genotyped with the Illumina 610 K single nucleotide polymorphism (SNP) array and used for whole-genome analysis together with 929 samples from the literature (Li et al. 2008; Behar et al. 2010; Rasmussen et al. 2010 ) (supplementary tableS1, Supplementary Material online).
Genetic Clustering Analysis
We used ADMIXTURE (Alexander et al. 2009 ) implementing a structure-like (Pritchard et al. 2000) model-based maximum likelihood clustering algorithm to assess population structure. We used PLINK software 1.05 (Purcell et al. 2007 ) to filter the combined data set to include only SNPs on the 22 autosomal chromosomes with minor allele frequency .1% and genotyping success .97%. Because background linkage disequilibrium (LD) can affect both principal component analysis (PCA) and structure-like analysis, we thinned the marker set by excluding SNPs in strong LD (pairwise genotypic correlation r 2 . 0.4) in a window of 200 SNPs (sliding the window by 25 SNPs at a time). The final data set consisted of 210,575 SNPs and 1119 individuals that were used in subsequent analyses.
PCA and F ST
Since the PCA method (Patterson et al. 2006 ) assumes that markers are unlinked, we thinned our marker set for this analysis with PLINK software 1.05 (Purcell et al. 2007) according to the same parameters used for genetic clustering analysis in order to mitigate background LD. However, LD pruning was carried out after the exclusion of the populations from Africa (except Egyptians), East Asia, and Siberia and also Hazaras, Kurds, Uygurs, and Altaians, resulting in a final data set of 212,398 markers and 848 individuals. PCA was carried out in the smartpca program (Patterson et al. 2006 ) using outlier removal procedure (5 outliers were removed, leaving 843 individuals). Pairwise genetic differentiation indices (F ST values) were also estimated using smartpca software based on the same thinned marker set. The Gplots R package (http:// cran.r-project.org/web/packages/gplots/index.html) was used to graphically represent genetic similarities between populations by color-coding pairwise F ST values on a heatmap.
Geodesic Distances between Populations
For each pair of populations, we calculated geodesic distances in kilometers using ''distonearth'' R function (Banerjee 2005) . Geographic coordinates for populations in the HGDP data set are given as ranges of longitude and latitude in Cann et al. (2002) . Geographic coordinates for HGDP populations were computed as a central point in a range of longitude and latitude values.
Multiple Regression on Distance Matrices
We used multiple regression on distance matrices (MRM) (Manly 1986; Smouse et al. 1986; Legendre et al. 1994; Goslee and Urban 2007) to explore various explanatory variables (genetic distance, barriers to gene flow), predicting the genetic distances between populations. In this method, a single dependent distance matrix Y is considered as a function of multiple independent distance matrices Xi (independent variables), and the statistical significance of regression coefficients for each independent variable Xi is tested based on matrix permutations (Legendre et al. 1994) . The corresponding permutation procedure is described in Legendre et al. (1994) and implemented in the ''ecodist'' R package (Goslee and Urban 2007) .
In order to test whether factors other than geographic distance can explain the observed variation in genetic distances between populations and whether the contribution of each variable is statistically significant, we considered a matrix of pairwise F ST distances between populations as a response matrix and included explanatory variables into the regression model either separately or in combinations, defining them as putative barriers (supplementary table  S2 The Caucasus as a Barrier to Human Migrations · doi:10.1093/molbev/msr221 MBE were typed for 52 Y chromosome SNP markers, analyzed by PCR/AFLP, PCR/RFLP, or PCR/sequencing methods. The haplogroup designation in this study follows the most recent YCC nomenclature presented in Karafet et al. (2008 Both Y chromosome and mtDNA haplogroup frequency data of the Caucasus populations together with data of neighboring populations from the literature were used for PCA using the POPSTR software (http://harpending.humanevo. utah.edu/popstr/). The methods used are described in greater detail in supplementary note 1 (Supplementary Material online).
Results and Discussion
Our autosomal data, in the form of a heatmap plot of F ST distances ( fig. 1B ) reveal three clusters of low genetic distance, encompassing geographically nearby populations: the Near/Middle East, the Caucasus, and Europe. Note that these clusters overlap partially in phylogeographically informative ways. Europe is not as homogenous as the other clusters, with the French Basques and Volga Basin Turkic-speaking Chuvashes being clearly more distant from their immediate neighbor populations, whereas geographically somewhat southern populations, from the Atlantic to the Black Sea (French, Italians, Bulgarians, and Romanians), exhibit particularly low interpopulation genetic distances. The populations of the Caucasus, irrespective of their linguistic differences, show the lowest autosomal genetic distances to one another, followed closely by their distance to the populations of the Near/Middle East, Turks in particular ( fig. 1B) . The Indo-European-speaking Armenians and Ossetians follow the same pattern and do not show higher genetic similarity to Indo-European-speaking populations from Europe or the Near/Middle East. The smooth transition from the Caucasus to Anatolia (Turks) and Iran and from the latter to Syrians, Lebanese, Jordanians and further southward contrasts with the sharp border between the Caucasians and the Slavic, Finno-Ugric-and Turkic-speaking populations of the East European Plain. However, the same heatmap plot reveals a range of low genetic distances starting from the populations of the Levant and Syria, extending to the East European Plain. Importantly, this series proceeds around the western flank of the Black Sea: from Turks to Bulgarians to Romanians to Ukrainians to Russians, ending with Mordvins, but does not extend through the Caucasus. We suggest that this ''similarity gradient'' reflects most likely a combination of several ancient human migrations, perhaps also including elements of the spread of the Neolithic. A previous study based on eight Alu insertion loci found the Caucasus populations to exhibit high levels of betweenpopulation differentiation, with an average F ST of 0.113, a value which is almost as large as the F ST of 0.157 for worldwide populations (Nasidze et al. 2001 ). Our results, based on genome-wide data, reveal instead that the populations of the Caucasus region show between population differentiation (average F ST 5 0.004) that is slightly lower than that for the Near East (0.006) and Europe (0.006) and are thus more consistent with the results of Bulayeva et al. (2003) .
Similarly to our F ST analysis, PCA of the autosomal data shows the within-region clustering of the Caucasian populations and reveals a noticeable gap between the Caucasus and the East European Plain, contrasting the continuous transition from the Near/Middle East to the Caucasus ( fig. 1C; supplementary fig. S5 and S6, Supplementary Material online). Geography rather than language-based clustering can also be observed in the PC analysis of Y chromosome data (supplementary fig. S7 , Supplementary Material online). Indeed, we see a clustering of Georgians, who belong to the Kartvelian language family, and Indo-European-speaking Armenians from the South Caucasus, together with the peoples of the NW Caucasus, of which the Karachays and Balkars speak Turkic, the Ossetians Indo-Iranian, and the remainder Abkhazian-Adyghe languages (supplementary fig. S7, Supplementary Material online) . The Nakh and Dagestanian language speakers, however, differ considerably both from each other and the rest of the Caucasian populations due to the unique structure of Y chromosome haplogroup frequencies in the NE Caucasus (supplementary note 2, Supplementary Material online), but this distinction is not supported by autosomal or mtDNA data, consistent with the results of an earlier study where highland Dagestanian populations were found to have reduced Y chromosomal but not mitochondrial or autosomal genetic diversity (Marchani et al. 2008) . The Caucasian populations do not differ in common mtDNA haplogroup frequencies to an extent that would allow the discrimination of geographic subregions or language groups (supplementary fig. S8 , Supplementary Material online).
We also analyzed the autosomal data of the Caucasus and reference populations (Li et al. 2008; Behar et al. 2010; Rasmussen et al. 2010 ) using a structure-like Yunusbayev et al. · doi:10.1093/molbev/msr221 MBE (Pritchard et al. 2000) clustering approach (Alexander et al. 2009 ). At K 5 7, the major ancestry component of the Caucasus populations (shown in blue) has comparable presence in the Near/Middle East but is almost absent among the immediate northern neighbors of the Caucasus-the populations of the East European Plain ( fig. 1D;  supplementary fig. S9, Supplementary Material online) . Similarly to the blue ancestry component, the green component is also ubiquitously present among the Caucasus populations, irrespective of their linguistic affinities, but at much lower frequencies than blue. The green component is most frequent in the Indus basin (Pakistan), extending to Central Asia and the Near/Middle East, but fading away in Europe. Structure-like clustering cannot be readily interpreted into (human) migrations. Thus, this pattern might reflect shared ancestry or suggest a gene flow from South Asia to the west and northwest. The ancestry component depicted with orange, ubiquitous in East Asia, is almost absent in the South Caucasus and remains at very low frequencies among the North Caucasian populations as well, with an only slightly stronger presence among the Turkic-speaking Balkars. Due to their distinct population history (see below), the Kuban Nogays, living on the northern slopes of the Caucasus, form an exception. The only population in the Caucasus that shares the other major Near/Middle Eastern, North, and East African ancestry component, depicted in light blue ( fig. 1D) , are the Armenians, indicating the introduction of a genetic component novel to the region.
Nevertheless, the mountain range that divides the Caucasus into the North and South Caucasus has apparently not been an impenetrable barrier for gene flows. This is illustrated by the relative similarity of the ancestry component patterns of the Caucasus populations on either side of the High Caucasus Mountain Range ( fig. 1D) . However, the dark blue ancestry component, dominant among the Slavic-, Turkic-, and Finnic-speaking East European Plain populations, reaches the North Caucasus (10-20%), but just barely (;5%) crosses the High Caucasus to the three linguistically distinct South Caucasus populations-Armenians, Georgians, and Abkhazians ( fig. 1D) . Remarkably, the decrease of Y chromosome haplogroup G and J1 frequencies toward the Eastern European populations inhabiting the area adjacent to the North Caucasus, such as southern Russians and Ukrainians (Balanovsky et al. 2008) , forms an abrupt boundary (supplementary figs. S2 and S3, Supplementary Material online), indicating that patrilineal gene flow from the Caucasus in the northern direction has been negligible. This sets a frontier of genetic discontinuity not at the mountain range itself but between the North Caucasus and East European Plain. However, similarly to autosomal data, there is some evidence of opposite gene flow from East Europe into the populations of NW Caucasus, as demonstrated by the presence of Y chromosome haplogroups R1a1, including the European-specific lineage R1a1-M458 (Underhill et al. 2010; Balanovsky et al. 2011) and I2a (supplementary  table S3 , Supplementary Material online) and of certain sublineages of the mtDNA haplogroup H (Roostalu et al. 2007 ).
Equally importantly, these Y chromosome data also show a genetic continuity between the NW Caucasus and South Caucasus populations that sets them apart from the populations inhabiting the NE Caucasus (supplementary fig. S7 , Supplementary Material online).
Thus, several lines of evidence suggest a genetic discontinuity between the Caucasus and the East European Plain. To test whether this pattern is statistically significant, we used multiple regression on distance matrices (Legendre et al. 1994; Goslee and Urban 2007) to model genetic distances based on geographic distances. We built a series of distance matrices (see Materials and Methods for details), incorporated additional factors known to increase genetic dissimilarity as putative barriers (supplementary table S2 ; supplementary note 1, Supplementary Material online), and used multiple regression to estimate their relative importance in predicting genetic distances and statistical significance (Legendre et al. 1994; Goslee and Urban 2007) . Three of the putative barriers we tested first were geographic-the Caucasus barrier between North Caucasus and Eastern Europe, the Balkans barrier between Anatolia and Europe, and the South Asian barrier between South Asia and the Near/Middle East. The South Asian barrier, a presumably nonexistent factor, was intentionally considered as a control of the method, and only a slight increase in the coefficient of determination (r 2 increased by 0.1%) was observed, most likely by chance since the regression coefficient for this factor is not statistically significant (supplementary table S2, Supplementary Material online). The other barriers tested separated populations that are known isolates/outliers due to religion, language, or different origin-the Jewish groups, Kuban Nogays, French Basques, Druze, and Burusho-from their respective surrounding populations. Geographic distance by itself explained only 43% (coefficient of determination r 2 5 0.43) of the variation in genetic distances between populations, measured by F ST . The putative Kuban Nogay, French Basque, Druze, Iraqi Jewish, Georgian Jewish, and Burusho barriers did not prove to be statistically significant (supplementary table S2 The Kuban Nogays and the Kara Nogays ( fig. 1A ) have a special status among the Caucasian populations due to their recent, late 18th to early 19th century arrival from the Pontocaspian steppes (Kolga et al. 2001) . It has been shown earlier that the Nogays possess 40% of East Eurasian mtDNA lineages (Bermisheva et al. 2004) . Although the Kara Nogays have more (;35%) typical eastern Y chromosome lineages than the Kuban Nogays (17%) (supplementary table S3, Supplementary Material online), it is perhaps more interesting that both the Kuban Nogays and the Kara Nogays preserve a certain combination of STR haplotypes in the Y chromosome haplogroup C, the so-called Genghis Khan modal haplotype (Zerjal et al. 2003) . Because the historic Nogay Khan, a powerful late 13th century general of the Golden Horde, was indeed a great-grandson of Genghis Khan, such a coincidence is intriguing.
Conclusions
We conclude that irrespective of the Early UP presence of anatomically modern humans both south and north of the Caucasus (Mellars 2006; Adler et al. 2008; Krause et al. 2010) , the combined autosomal and gender-specific genetic variation of the Caucasian populations testifies to their predominantly southern, Near/Middle Eastern descent. Y chromosomal variants under strong founder events, seen in particular among populations inhabiting the northern flank of the High Caucasus Mountain Range, appear to never have expanded to the East European Plain, whereas the nomadic people of the latter, once settled down predominantly on the northern slopes of the Caucasus, have likely preserved, to different extent, some of their earlier genetic heritage. In sum, though the Caucasus may well have served as a corridor for numerous invasive expeditions in the past, this has had only a minor influence on the largely sedentary core populations of the region, characterized by much greater autosomal uniformity than that might be expected from a region of deep linguistic and cultural diversity. This suggests that the core of the autosomal genetic structure of the Caucasian populations may have formed before its present-day linguistic diversity, including the language families autochthonous for the region, arose.
Supplementary Material
Supplementary figures S1-S9, tables S1-S6, and notes 1 and 2 are available at Molecular Biology and Evolution online (http://www.mbe.oxfordjournals.org/).
